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Detailed electronic many-body configurations are extracted from quantitatively measured time-
resolved nonlinear absorption spectra of resonantly excited GaAs quantum wells. The microscopic
theory assigns the observed spectral changes to a unique mixture of electron-hole plasma, exci-
ton, and polarization effects. Strong transient gain is observed only under co-circular pump-probe
conditions and is attributed to the transfer of pump-induced coherences to the probe.
PACS numbers: 03.65.Wj,42.50.-p
Precise extraction of a system’s quantum state pro-
vides complete characterization of its physical properties.
This ultimate level of characterization can only be real-
ized in very few cases. Examples include determining
the Wigner function of a single light mode using various
quantum-state reconstruction techniques [1, 2, 3, 4] or
imaging molecular orbitals using attosecond techniques
[5, 6, 7]. In contrast, the direct extraction of the full
many-body configuration in solids seems inconceivable
due to the overwhelmingly large number of degrees of
freedom involved. Optically excited direct-gap semicon-
ductors are an ideal candidate for determining the many-
body configurations because the nonlinear optical prop-
erties of the excitonic absorption depend strongly and
uniquely on the particular many-body state.
Resonant or nonresonant optical excitation of direct-
gap semiconductors induces an optical polarization, i.e., a
transition amplitude that can be converted into electron-
hole (e-h) pair excitations and possibly into Coulomb-
bound excitons [8]. Thus, the actual many-body state
contains a mix of polarization, e-h plasma, a fraction
of true excitons, and higher-order correlations. Pump-
probe and four-wave mixing measurements show that
the excitonic resonances in the optical spectra depend
on the excitation level [9, 10, 11]. Typically, excitonic
resonances show pronounced nonlinear broadening [12],
energetic shifts [13], and a transition from absorption to
gain [14] at high carrier density. Establishing a mapping
between the nonlinear properties of the excitonic absorp-
tion and the underlying many-body state is challenging
because a multitude of effects contribute to the nonlinear-
ities. Noteworthy are Fermionic Pauli blocking, screen-
ing of the Coulomb interaction [9], carrier-polarization
scattering [12, 15, 16, 17, 18], polarization-polarization
scattering [19], and exciton-exciton scattering [13].
In this Letter, we report quantitative measurements of
quantum-well (QW) absorption spectra αQW after ultra-
fast resonant laser excitation. Furthermore, we use a fully
microscopic, fit-parameter-free approach [20] to compute
a series of theoretical spectra αth resulting from a set of
many-body states. By matching αth with αQW, we ex-
tract the maximum-likelihood (ML) many-body configu-
ration. Our results show that the polarization, density,
and exciton population configurations can be accurately
identified by relating specific nonlinear aspects of αQW
to a particular many-body configuration. Such an accu-
rate extraction can only be achieved by using quantitative
measurements, as opposed to normalized measurements
as is typically done.
We study a sample containing ten 10nm GaAs QWs
separated by 10 nm thick Al0.3Ga0.7As barriers. At 4K,
the QW heavy-hole 1s exciton resonance is at E1s =
1.546 eV and is well-separated from all other absorption
resonances. We carefully measure the linear transmis-
sion and reflection spectra of the unexcited sample us-
ing white light. The linear results are analyzed with a
transfer-matrix computation that includes all layers in
the sample. We fine tune the refractive indices and thick-
nesses of the dielectric layers in the model to reach a full
agreement between linear theory and measurements for
the energy range 1.4–1.7 eV. This procedure allows us to
calibrate the nonlinear absorption experiments and de-
termines all needed sample parameters, which are fixed in
all our subsequent quantitative theory-experiment com-
parisons.
The nonlinear optical response is recorded in a pump-
probe configuration using a mode-locked Ti:sapphire
laser with a pump spectrum centered at E1s and a half-
width half maximum (HWHM) bandwidth of 2.9meV to
avoid exciting the e-h continuum or the light-hole reso-
nance. The pump pulse is focused onto a 100µm spot.
After a delay τ , a low-intensity probe pulse arrives from
a direction different from that of the pump in order to
avoid direct pump-probe transfer. The weak probe is fo-
2cused to a 20µm spot in the center of the pumped area
to monitor only the spatially homogeneous part of the
excitation. We record the probe transmission T (ω) and
reflection R(ω) probabilities as functions of photon en-
ergy ~ω for a matrix of time delays, pump powers, and
polarization configurations. Through simultaneous cal-
ibrated measurements of the incident, transmitted, and
reflected probe powers, we determine the true absorption
α(ω) = 1−T (ω)−R(ω). For growth purposes, the sample
includes bulk GaAs that produces a spectrally flat back-
ground absorption of 28%. Thus, the QW absorption is
αQW(ω) ≡ α(ω)− 0.28 for this sample.
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FIG. 1: (Color online) Nonlinear QW absorption at large
τ = 13ps delay. (a) The measured CC-configuration αQW
(shaded areas) are shown for pump-photon densities 3.9, 16,
and 27 × 1011 cm−2 and compared to microscopically com-
puted spectra (solid lines) for densities n = 0.14, 2.2, and
3.4 × 1010cm−2, from top to bottom. The spectra are verti-
cally offset by 15%. The horizontal lines indicate the HWHM
of the respective exciton resonances. (b) The correspond-
ing CL comparison with 3.9, 27, and 48 × 1011 cm−2 pump-
photon densities (shaded areas) and calculations for the den-
sities 0.21, 4.4, and 5.0× 1010 cm−2 (solid lines). Insets: The
deduced ML carrier densities (circles, left scale) and exciton
fraction (squares, right scale) for each experiment. The ar-
rows indicate the spectra presented in the respective figures;
the dashed vertical lines mark saturation.
Figure 1 presents the measured αQW for three differ-
ent pump powers. The probe and pump have (a) co-
circular (CC) and (b) co-linear (CL) polarizations while
the pump-probe delay is τ = 13 ps. In each case, the
lowest-intensity αQW is in the linear regime and shows a
clear 1s resonance, yielding αQW = 57% with a HWHM
γ1s = 0.75meV (horizontal bars). Roughly half of this
width is estimated to result from radiative decay in the
nontrivial dielectric structure [20]. When the excitation
power is increased, αQW experiences nonlinear changes.
The 1s resonance broadens and becomes asymmetric,
similarly to prior observations [12, 16, 18]. We also see
that the CC and CL configurations yield very different
nonlinearities. Under CC conditions, we obtain an al-
most 2meV blue shift of the 1s resonance while the CL
configuration only exhibits a smaller, less than 1meV,
blue shift before saturation is reached. The nonlinear
CL spectra are about 50% broader than the CC spectra.
We investigate the nonlinear response using our mi-
croscopic theory [20] to identify the relevant many-body
state. More explicitly, we evaluate the dynamics of the
microscopic, probe-generated, polarization δpk at the
crystal momentum k. For each QW, we have the semi-
conductor Bloch equations [9, 20],
i~
∂
∂t
δpk = ǫkδpk − (1 − f
e
k
− fh
k
) δΩk(t) + Γk
−Pk
∑
λ,k′
δfλ
k′
+ (δfe
k
+ δfh
k
) Ωk, (1)
that contain the pump-generated electron (hole) dis-
tribution f
e(h)
k
, the polarization Pk, the Coulomb-
renormalized energy ǫk, and the renormalized Rabi ener-
gies, Ωk ≡ dEpump +
∑
k′
Vk′−kPk′ and δΩk ≡ dEpro +∑
k′
Vk′−kδpk′ . The interactions involve the dipole-
matrix element d, the electric field Epump (Epro) for the
pump (probe), and the Coulomb-matrix element Vk. The
probe polarization δpk couples to two-particle Coulomb
correlations Γk that produce screening of the Coulomb
interaction, higher-order energy renormalizations, and
Boltzmann-type scattering of δpk from various quasipar-
ticles and transition amplitudes [20]. When the pump Pk
is still present, the carrier densities are changed linearly
by δfλ
k
with dynamics
~
∂
∂t
δfλ
k
= 2Im [δΩ⋆
k
Pk +Ω
⋆
k
δpk] + rk, (2)
where rk describes the scattering.
The probe response follows directly from the linear
QW susceptibility χ(ω) ≡ 1
S
∑
k
δpk(ω)
Epro(ω)
after we Fourier
transform Epro as well as δpk and use the normalization
area S. The true QW absorption is then evaluated via a
transfer-matrix computation that has both χ(ω) and the
full dielectric structure of the sample as inputs. This pro-
cedure includes all of the Coulomb-induced nonlinearities
discussed above for a given pump-generated many-body
configuration. The mean-field quantities, i.e. f
e(h)
k
and
Pk, represent the simplest part of the excitation configu-
ration, while bound exciton and biexciton amplitudes de-
termine pair-wise correlations. The microscopic influence
of all these quantities on χ(ω) is systematically evaluated
with the cluster-expansion approach [20]. We find that
3αth is extremely sensitive to the pump-induced f
e(h)
k
, Pk,
and exciton populations.
As a major extension beyond our published quantum-
wire analysis [8, 20], we solve Eqs. (1)–(2) for a realistic
QW system and a large number of combinations of f
e(h)
k
,
Pk, and exciton populations. Under quasi-equilibrium
conditions, we use f
e(h)
k
in the form of a Fermi-Dirac
distribution defined by the temperature and the carrier
density n = 1
S
f
e(h)
k
. Due to the resonant excitation con-
figuration, we also include the polarization and the frac-
tion x of carriers bound into 1s excitons. Altogether,
we numerically evaluate αth for more than 10
5 different
many-body configurations. To extract the ML configu-
ration, we define the normalized deviation
ǫ ≡
∫
dω |αth(ω)− αQW(ω)|∫
dω |αQW(ω)|
, (3)
between the computed and measured QW absorption
spectrum. We minimize ǫ via a multi-dimensional op-
timization, yielding the ML excitation configuration. We
determine a confidence interval of the configurations
yielding below 5% variations in ǫ.
Figure 1 shows the αth (solid lines) of the extracted
ML configuration that reproduces the respective experi-
mental result (shaded areas). The inset gives informa-
tion about the actual ML configuration as a function
of the photon density within the pump. The circles in-
dicate the ML carrier density n with error bars mark-
ing the confidence interval for each different experiment
separately. The squares show the ML fraction of exci-
tons while the shaded area indicates the related confi-
dence interval. Since the pump-generated polarization
has completely decayed for long delay times, there is no
Pk present in the ML configurations. We also find that
the e-h density first grows linearly as a function of excita-
tion power and then saturates. This saturation is simply
explained by the ionization of the 1s-exciton resonance
for elevated densities, which strongly reduces the ability
of the pump to generate more carriers. Saturation occurs
close to that ML configuration where the phase-space fill-
ing factor 1−fe0−f
h
0 becomes zero (dashed vertical line).
For the cases studied, the best-fit electron and hole tem-
peratures are 38K and 11K, respectively. At the same
time, the exciton fraction is initially high due to the al-
most 100% efficiency in polarization-to-population con-
version. Onset of ionization causes the exciton fraction
to rapidly decrease as a function of excitation density.
The pronounced differences between the CL and CC
experiments are related to the fact that the CC case ex-
cites carriers only into one spin state, while under CL
conditions, one populates both spin states. Since the
Coulomb-scattering of δpk with the e-h plasma is spin
sensitive, the CL and CC cases lead to different Coulomb-
induced shifts of the 1s resonance. The fact that the
shifts persist to saturation, where no excitons exist, veri-
fies that the e-h plasma and not the exciton population is
mostly responsible for the blue shift of the 1s resonance.
The enhanced broadening of the CL relative to the CC
case is explained by the fact that there are twice as many
scattering partners for δpk in the CL case due to the e-h
occupations in both spin states.
As a further test of our ML extraction procedure, we
next consider short pump-probe delay conditions where
coherent transients [21] as well as excitonic gain [22] have
been observed previously. Figure 2 shows the measured
αQW (dark area) and the extracted ML αth (solid line)
just after the excitation (τ = 3ps) for (a) the CC and
(b) the CL excitation. The short delay αQW and αth not
only agree but they are also distinctly different from the
long delay αQW (light shaded area). In particular, the
CC case yields a 15% gain feature (negative absorption)
just below the 1s resonance. As a main difference to
the long delay investigations, the short-delay ML config-
uration contains a significant portion of pump-generated
Pk. Since the presence of the induced QW polarization
is needed to produce gain, the gain is transient and can
be attributed to coherent polarization transfer between
pump and probe.
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FIG. 2: (Color online) Nonlinear QW absorption for the
short τ = 3 ps delay. (a) CC conditions with photon density
16× 1011 cm−2: the measured αQW (dark shaded), the com-
puted αth (solid line), and the long-time delay αQW (light
shaded). Inset: the measured (open circles) and computed
(shaded area) absorption dip (gain maximum) as a function
of pump-photon density. The dashed vertical line marks sat-
uration. (b) Same as (a), but for the CL configuration with
the photon density 27 × 1011 cm−2. Inset: the absorption
peak shift for CL (squares) and CC (circles) measurements
compared with theory (lines).
4The transient gain delicately depends on the excitation
conditions. It is not seen for the CL case due to the above
mentioned enhanced dephasing of δpk. For CC excita-
tion, we obtain the strongest transient gain for elevated
excitation densities close to the 1s-saturation. To ob-
tain analytic insight on how δfλ
k
influences the coherent
transients, we also solve Eqs. (1)–(2) for the case where
scattering is omitted. We find that δfλ
k
is proportional to(
1− fe
k
− fh
k
)−1
showing that the coherent transients be-
come increasingly strong near the 1s-exciton saturation
because the phase-space filling factor approaches zero.
To verify this, we plot in the inset to Fig. 2a the measured
maximum values of αQW gain (open circles) as a func-
tion of pump density. We clearly see that the transient
gain reaches its maximum value close to the 1s-ionization
threshold (saturation), indicated by the vertical dashed
line. The inset to Fig. 2b presents the energetic position
of the measured CL (squares) and CC (circles) αQW,
while the lines are from the ML calculations. We find
that the pump-generated polarization also produces an
additional blue shift for both CL and CC excitations.
In particular, the short delays produce blue shifts up to
2meV (CL) and 4meV (CC), which are roughly a factor
of two larger than for those at long delays.
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FIG. 3: (Color online) Influence of exciton populations on
nonlinear αQW. The long-delay measured αQW (shaded area)
for 16 × 1011 cm−2 pump is compared with the ML result
(solid line) as well as computations having 0% (dashed line)
and 100% (dotted line) excitons. Inset: The ML configura-
tion (square) and the 5% confidence interval (shaded area)
plotted in (n, x) space. The 0% (open circle) and 100% (filled
circle) represent exciton configurations used for the dashed
and dotted lines, respectively.
The ML analysis can also be used to quantitatively de-
termine the role of excitons. The inset to Fig. 3 shows
the 5% ǫ confidence interval (shaded area) in carrier den-
sity and exciton fraction when the intermediate-intensity
CL experiment of Fig. 1b is analyzed. The overall differ-
ence between theory and experiment is minimized around
a single (n, x) configuration (square). Figure 3 shows
the corresponding experimental αQW spectrum (shaded
area) together with the ML result (solid line) as well as
cases where the exciton fraction is reduced to x = 0%
(dashed line) or raised to x = 100% (dotted line). In-
creasing the exciton fraction leads to a reduction of the
excitation-induced broadening and blue shifting of the
1s-resonance. Intuitively, these effects follow because the
scattering of the probe induced δpk becomes less likely
when electrons and holes are bound into charge-neutral
excitons (x = 100%) than when they remain as an ion-
ized plasma (x = 0%). It is also interesting to see that
formation of excitons (x = 100%) yields only a small en-
ergy renormalization that does not produce an additional
blue shift, in contrast to polarization studied in Fig. 2.
In conclusion, our detailed comparison between quan-
titative experiments and theory shows that the absorp-
tive nonlinearities in αQW depend so sensitively on the
many-body configuration that we can extract the maxi-
mum likelihood many-body excitation configuration with
great confidence. The analysis identifies the role of coher-
ent polarization, exciton and electron-hole plasma contri-
butions. For the short-time co-circular pump-probe con-
figuration, pronounced transient gain is observed with a
strength controlled by the pump.
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